Brillouin and Rayleigh scattering techniques have been employed to study the elastic behavior of single crystals of urea over the temperature range 15-300 K. An extensive investigation of the room temperature elastic constants is presented yielding a complete evaluation of their anistropy. The temperature dependence of these elastic modes along the [001] and near the [110] directions is followed to 15 K; no evidence of a structural phase transition has been found. Rayleigh scattering experiments reveal a correlation time in the ms range and an intensity behavior that are temperature dependent but show no anomalies as a function of temperature for a number of directions in the crystal. It is found that scattering intensity and correlation time are caused by the modulation and driving of defects by an external periodic applied stress pulse. Neither the correlation time nor the intensity behavior supports the conclusion that urea undergoes a structural second order phase transition in the temperature range 15-300 K.
I. INTRODUCTION
Urea (NH 2 hCO crystallizes in a tetragonal space group structure, D~d (P42 I m) with two molecules per unit cell. I Because of its simple structure and well-established intermolecular interactions (short range and dipolar), extensive studies on the static and dynamic properties of urea have appeared over the last 30 years. Urea has been used as a model for hydrogen bonded molecular crystals and consequently most of the crystal's physical properties have been measured: elastic constants, 2 optical phonon frequencies by Raman scattering 3 -5 and infrared spectroscopy, 4,5 neutron diffraction, 6-8 x-ray structural analYSiS, 9-12 Compton profile, 13 NMR,14 and specific heat. 15 Several models have been developed to explain the dynamics of the urea crystal based on these data. 6 ,16-18 It appears to be agreed that, at least to 133 K, there is no structural phase transition in this system. 11 Urea is known to possess highly nonlinear optical coefficients determined by measurements at 1. 06 jJ.m using powdered samples. 19 Recently, it has been demonstrated that urea is an excellent nonlinear optical crystal for second harmonic generation and sum frequency mixing in the ultraviolet (to 238 jJ.m) with a higher efficiency than the well-known KDP isomorphs. [20] [21] [22] One of the later x-ray structural studies on urea lO has suggested that an isostructural phase transition exists in this system -190 K. This transition as reported is quite unique in that no symmetry change (translation or rotational) takes place at this temperature. The reported transition is characterized only by a continuous anomaly in the thermal expansion coefficient along the c (fourfold) axis.
The planar urea molecule with C 2v symmetry possesses a large dipole moment of 4. 6 n 23 and the crystal structure arrangement is such that these dipoles are antiferroelectrically ordered. A similar material, thiourea (NH2)2CS is a well-known organic ferroelectric crystal which crystallizes in the orthorhombic space group D~~ (Pnam) and has five crystal phases below 300 a)Supported in part by the AFOSR.
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If urea does indeed possess a phase transition, it will be a very interesting case to investigate because of its structural and molecular simplicity, well established interactions, and its ready comparison with thiourea.
We have investigated phase transitions in a number of molecular crystals recently (e. g., triazine,26 benzil, 25 chloranil2~ by Brillouin and Rayleigh light scattering techniques. These are quite powerful methods for the study of both the dynamic and static properties of molecular solids at phase transitions. In this present report, we present results on the possibility of a phase transition in urea and determine a new set of room temperature elastic constants for this system.
II. EXPERIMENTAL
Single crystals of urea up to 5 x 5 x 20 mm 3 in size were grown from methanol solutions by slow evaporation. Crystal growth from aqueous solutions with habit modifiers such as NH 4 Cl, NaCl, and KCl has also been attempted. Aqueous solutions, however, tend to produce only needles (1 xl x20 mm 3 ) using the slow evaporation technique. As the crystals are readily Cleaved, samples were carefully cut with a razor blade and polished with lens paper wet with methanol. The [001] direction is always the easy growth direction and the well developed faces of the crystal are of the {100} type. Using the as grown surfaces, [110] and [110] phonons are easily observed. For anisotropy measurements in the ab and ac planes, two kinds of cylindrical samples were prepared; 3 mm diam x 10 mm for the ab plane scattering and 3 mmdiam x2 mm for the ac plane scattering. Although these crystals are of high optical quality with no evidence of macroscopic defects, Rayleigh component ininternsities are about 3X 10 4 counts/so The crystals were examined under a polarizing microscope and found to be single in all instances.
The light scattering apparatus for simultaneous measurement of Brillouin and correlation scattering has already been presented in some detail. 25,26 The spectra were excited by 100 mW of 5145 A light from an Ar+ laser. Free spectral ranges of 20, 47, and 53 GHz are used to analyze the Brillouin spectra with a typical finesse of 50 for a triple pass optical system. Data acquisition times of 10 to 100 min are used depending on the phonon, propagation direction, and temperature. The lowest temperature reached in the present experiment is 15 K and the temperature stability is better than ± 0.1 K during the data acquisition time. The estimated errors in the Brillouin shifts are ± 1% for LA modes and ± 2% for TA modes in regions for which overlapping features do not occur. Precise crystal orientation is determined from selection rules and actual spectra obtained. The estimated errors in direction dependence are ± 2. 50 for absolute directions and ± 1 0 for rotation angles.
The correlation data were obtained and analyzed as previously described. [25] [26] [27] Two crystals were annealed to 40°C for roughly two days and the data set was recollected. Unfortunately, this temperature is much too far below the melting temperature of urea to be very effective for annealing. Moreover, urea readily decomposes upon heating over 60°C. Most likely the annealing process for urea is not a positive contribution to overall crystal quality. Brillouin data obtained from these annealed samples were, however, indistinguishable from that of as gro\\!n crystals.
-13.7 9.6 GHz GHz and three orders of the interferometer are overlapped. Labels 1 and 2 as subscripts stand for two of these orders; the Rayleigh peak of order 1 is shown (R 1 ). Brillouin features are labeled B, lor 2 for the order, Tor L for transverse and longitudinal, and the prime (') As the sample is rotated in this orientation the high frequency phonon peak splits and the new peak increases
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• [:110) direction. Note that if the phonons correctly propagate along this direction, the TA mode (BT~ should be always Brillouin inactive. To observe this mode also without destroying the degeneracy, the phonon propagating direction was slightly tilted (_1°). As a 47 GHz free spectral range was employed, every phonon peak belongs to the Rayleigh peak (R t ) shown in this figure. The notation for peak assignment is the same as in Fig. 1 . in intensity. The weaker lower energy phonon does not shift within the present experimental error. The high frequency phonon in the (110) direction is thus accidentally degenerate. Complete results of such anisotropy studies are presented in Fig. 2 (a) and 2(b) for the ab and ac planes.
To investigate the possibility of a phase transition in urea, phonons propagating along the [OOlJ and around the [110 J directions have been examined for their temperature dependence from room temperature to 15 K. Each phonon frequency shows a monotonic temperature dependence as portrayed in Fig. 3 . Apparently, to within the experimental uncertainty, no phase transition can be detected through Brillouin scattering techniques. It is concluded that the phase tranSition, if present, does not manifest itself in the acoustic modes. As the temperature decreases, the accidental degeneracy along the [110) direction is lost and two peaks are observed as shown in Fig. 4 .
In Fig. 5 an example of the observed correlation function at 75 K is presented. The correlation can be observed only with the external applied refrigerator stress pulse and in polarized light. 25 -27 The qualitative features of this effect are almost identical to those observed for benzil and chloranil. No correlation function, as previously reported, can be found for NH(Cl and triazine under comparable experimental conditions for either polarized or depolarized scattering. [25] [26] [27] Figure 6 gives the temperature dependences of the relaxation time and scattering intenSity for urea. As can be seen, both results have a similar temperature 3 6
--, [ behavior. As pointed out previously, annealing urea is not useful in reducing the defect/impurity level as observed in light scattering experiments; both low annealing temperatures and further defect generation through decomposition are the main problems. "Annealed" crystals typically show a longer relaxation time indicating a larger defect distribution than found in as grown crystals, as would be expected for a crystal that undergoes decomposition upon heating.
Finally, a section of a urea crystal used for light scattering was studied by x-ray structural analysis at room temperature. The crystal has a tetragonal structure with lattice constants a = 5.647 ± 0.003 A, and C = 4. 704± 0.003 A. The corresponding density p is 1. 339 g/cm 3 in agreement with published data.
IV. DISCUSSION
A. Elastic constants
The elastic constant matrix for D 2d symmetry has six independent components. The wave equation for this system can be written in a compact form given by, 
Brillouin scattering selection rules for a given acoustic mode and scattering geometry are given by, 28
in which Eo and E. are the displacement vectors of the incident and scattered light, respectively, 0(0 is the dielectric constant matrix, P is the pockel's coefficient tensor, and e is the strain matrix defined by
or i = j .
I
As urea belongs to the class of piezoelectric crystals,
Eq. (4) should actually include an additional effect due to piezooptical coupling. We omit this as it is most likely small and will not change our major conclusions. In Table I , elastic constants, phonon modes, and selection rules for several high symmetry directions are collected. For other directions, all modes are active and the corresponding elastic constants can be found from Eqs. (2) and (3).
Urea is also a uniaxial crystal and birefringence effects should be taken into account in the calculation of sound velocities and elastic constants based on Brillouin shift data in some directions. For 90 0 scattering, elastic constants and Brillouin shifts are reillted by a well known formula for anisotropic crystals, 29
[
AVa AQ J2 c=pv=p --";n~ + n! (5) in which n l and n. are the indices of refraction for the incident and scattered light respectively, p is the mass n. depend on the experimental geometry, crystal orientation and the direction of light propagation. To obtain the appropriate values it is necessary to solve an equation for the index of refraction given by30
in which K is a unit vector of the light propagation direction n,,= ny= no= 1.492 and n.= n.= 1.597 for 5145 A at room temperature. 22 Combining these calculations, the elastic anisotropies in the ab and ac planes are obtained and are presented in Figs. 7(a) and 7(b). From these results, six independent elastic constants can be determined. In the high symmetry directions for which the elastic constants have simple forms, one of the TA modes is always forbidden. cu, C33' and C44 can be determined in the high symmetry directions (as given in Table I ). The remaining three elements of the elastic matrix, css, c12, and cl3 are determined by the theoretical expressions for the anisotropies [Eqs. (2) and (3) Figs. 1-3 . Moreover, a calculation using the ultrasonic values of the elastic constants and Eq. (3) fails to reproduce the observed anisotropy results in the ac plane. Both predictions in addition to the observed anisotropies are plotted in Fig. 7 ; the anisotropy predictions based on the ultrasonic elastic constant are shown in broken lines in Fig. 7 .
B. Phase transition
The possibility of a phase transition in urea at roughly 190 K has been suggested by an x-ray structural analysis. IO The thermal expansion coefficient in the [001] direction (c axis) has been reported to evidence an anomaly in this temperature range. Since no other axis shows any similar effect, the crystal maintains its tetragonal (rotational) and translational structure below 190 K. This is, of course, consistent with another xray analysis at 133 Kll and also the present Brillouin results which show that the degenerate TA modes in the [001] direction remain degenerate to 15 K. Furthermore, the low temperature x-ray structure indicates that the translation symmetry is also unaltered. The observed x-ray anomaly seems to be a continuous one suggesting a continuous or higher order phase transition.
If the transition does indeed take place, the order parameter should belong to the AI irreducible representation of Du at the r point and one can expect a bilinear coupling between the order parameter and lattice strain e3. It is this strain that would evidence the anomaly at the transition temperature in the [001] direction. Such a longitudinal acoustic anomaly would be a unique finding, however.
Ignoring for the moment odd power terms in the free energy expansion that may arise for a totally symmetric order parameter, a simple Landau theory based on these ideas predicts a free energy expansion near the transition point as follows: (7) in which Q represents the order parameter of AI symmetry. This generates in the usual manner
with As shown in Fig. 3 , neither the soft acoustic mode related to the LA mode along the [001] direction nor (8) any other anomalous behavior could be observed within the experimental accuracy between room temperature and 15 K. Actually, this type of phase transition cannot be a second order transition as discussed by Landau and Lifshiftz31 because the order parameter belongs to the AI irreducible representation. The phase transition, as indicated in the x-ray structure report, would appear to be of a higher order than that typically discussed and studied.
It is in principle possible that observation of the phase transition could be masked by a cancellation [in Eq. (5)] of the changes in nand p. However, it can be shown that this effect is quite small in urea. As the indices of refraction at 5145 A and the lattice parameters are known at room temperature, the molecular polarizabilities a e and ao can be calculated by the LorentzLorenz relation,
in which n, p, M, and a are, respectively, the index of refraction, mass density, molecular weight of the urea molecule, and the polarizability. Temperature dependence of the index of refraction is then primarily due to the denSity term and the polarizability can be approximately regarded as a temperature independent constant. Thus, using the values for these parameters mentioned above, a e : 6.11 X 10-24 cm 3 and ao: 5. 20 X 10-24 cm a • As shown in Eq. (5), the Brillouin scattering elastic constant depends on both the density and the index of refraction. This dependence can be approximated by
if for Simplicity an isotropic system is assumed. The cancellation would be less likely for an anisotropic crystal. Using a: 6 X 10-24 cm a , the right-hand side of the above expression can be calculated as a function of temperature because p(T) is known through the temperature dependence of the lattice parameters. The calculations reveal that the thermal expansion anomaly introduces about a 0.3% additional contribution to the background value of the elastic constant. The thermal expanSion anomaly thus gives almost negligible contribution to the temperature dependence of the elastic constant around 190 K.
We also observe an external stress induced autocorrelation function, which has been reported for benzil 25 and chloranil, 27 in the urea system. The observed temperature dependence of the correlation time for urea is presented in Fig. 6 along with the temperature dependent scattering intensity. While both observables exhibit a relatively rapid change around 110 K, no divergent behavior at this or any other temperature could be characterized.
Thus, from Brillouin scattering and correlation spectroscopy it is not possible to corroborate the existence of a phase transition in urea as suggested by one x-ray structural analysis. 10 Temperature dependences of the Raman active modes between 295 and 85 K have been measured again with negative results for a phase transition. 3 The acoustic and optical phonons do not show any instability at 190 K. 
C. Correlation scattering and relaxation times
The correlation function in urea is most pronounced in the polarized scattering spectra and appears only with the external stress pulse present. The details of these observations are at present qualitative as the pulse intensity and precise pulse shape 25 ,27 at the sample have not been quantified. Such experiments are now underway using both electrical and pressure techniques.
The major impact of and conclusions from these observations are clear, however: the Rayleigh scattering intensity and the relaxation time of the correlation function are related to one another and to the applied stress pulse; the effect is anisotropic and polarization dependent; the correlation function is associated with the concentration of defects in the sample; and, in comparison with benzil 25 and chloranil, 27 the data corroborate the absence of a phase transition in urea.
A phenomenological analysis of the intensity and relaxation data can, nonetheless, be presented. In 
t:..Ea and AE~ are certainly equal to within the experimental uncertainty although it has not as yet been demonstrated that this equality should hold theoretically. A detailed defect model would have to be generated, within the anelastic solid or cell defect models, 25,32 which could explain the rather unusual intensity /temperature behavior. To the best of our knowledge, no other data exist with which to compare these results.
V. CONCLUSIONS
Acoustic properties and defect/impurity motion excited by an external stress pulse have been examined for urea by Brillouin and correlation spectroscopy from room temperature to 15 K. The results of these studies are: (1) The anisotropies of the elastic wave frequencies in the ab and ac planes were determined at room temperature and are summarized in Table II and The theoretical explanation of these results, especially the intensity behavior, is presently under investigation based on the anelastic solid and cell defect models. Experimental efforts to quantify the pulse shape and intenSity dependence are also in progress.
